Abstract The beauty, symmetry, and functionality of icosahedral virus capsids has attracted the attention of biologists, physicists, and mathematicians ever since they were first observed. Viruses and protein cages assemble into functional architectures in a range of sizes, shapes, and symmetries. To fulfill their biological roles, these structures must self-assemble, resist stress, and are often dynamic. The increasing use of icosahedral capsids and cages in materials science has driven the need to quantify them in terms of structural properties such as rigidity, stiffness, and viscoelasticity. In this study, we employed Quartz Crystal Microbalance with Dissipation technology (QCM-D) to characterize and compare the mechanical rigidity of different protein cages and viruses. We attempted to unveil the relationships between rigidity, radius, shell thickness, and triangulation number. We show that the rigidity and triangulation numbers are inversely related to each other and the comparison of rigidity and radius also follows the same trend. Our results suggest that subunit orientation, protein-protein interactions, and proteinnucleic acid interactions are important for the resistance to deformation of these complexes, however, the relationships are complex and need to be explored further. The QCM-D based viscoelastic measurements presented here help us elucidate these relationships and show the future prospect of this technique in the field of physical virology and nano-biotechnology.
Introduction
Quartz Crystal Microbalance with Dissipation technology or QCM-D has emerged as a complementary technique to investigate the biomechanical changes in multi-subunit protein complexes [7] . QCM-D is a surface technique that takes advantage of the piezoelectric property of quartz. The gold-coated quartz crystal used in the measurements is driven by applying pulses of alternating current inducing it to oscillate at a resonant frequency (5 MHz for AT-cut crystals). A change in frequency, proportional to the mass change, is observed when a sample is deposited onto the surface of the crystal sensor. When the AC voltage is interrupted, the crystal oscillation decays exponentially, also known as "ringing down". The voltage of oscillatory decay, measured as amplitude over time is approximately at the resonant frequency of the crystal (f 0 ). This is mixed with a reference frequency (f R ) and filtered with a low pass band filter. The resulting frequency is fit to an exponentially damped sinusoidal wave to obtain the value for dissipation. While the frequency is relative to the mass deposited on the crystal, dissipation is dependent on the viscoelastic properties of the sample. Dissipation is defined as the sum of all energy losses in the system per oscillation (Eq. 1) [8, 9] ,
where D is dissipation, E dissipated is the energy lost from the crystal, E stored is the energy retained in the crystal, f is frequency, and the decay constant τ is characteristic of a system and measured in seconds. A small value of τ indicates greater damping, which means the oscillation will decay quickly, while a higher τ represents less damping, hence longer oscillation. Therefore, Δτ represents the change in decay rate and is dependent on the rigidity of the material. Samples that strongly couple to the crystal oscillation contribute less to the dissipation and are classified as relatively rigid materials [9] . Similarly, soft materials show higher deformation and dissipate more energy. By measuring change in frequency and dissipation, QCM-D can detect small-scale and large-scale changes that are associated with the biological functions [7, 10, 11] . Structure and function analyses of icosahedral particles have helped develop a detailed model of these complex assemblages [1, 4] . However, direct measurements of the mechanical properties of particles has only recently been possible [7, [12] [13] [14] . Nano-indentation experiments using atomic force microscopy (AFM) on viruses provide the relationship between the force exerted on the capsid and the resultant deformation. This is represented using the forcedisplacement curves (FDCs), which allow the rigidity of the virus particle to be estimated. FDCs estimate the mechanical strength of the capsids which facilitates a direct comparison between viruses. Although AFM has been the workhorse for such type of measurements, newer technologies attempt to offer a more straightforward and physiologically relevant approach to understanding mechanical properties of viruses. In this study, we employ a powerful complimentary technique, QCM-D, to study the mechanical rigidities of protein cages and viral capsids. QCM-D is a well-established technique that has applications in DNA based sensors, DNA hybridization, DNA-protein interactions, lipid-surface interactions and bioactive surfaces consisting of protein layers (biofilms) [9, [15] [16] [17] [18] [19] [20] [21] .
QCM-D and AFM are surface-based techniques, however they differ in that QCM-D collects data on a population, whereas AFM is a single-particle-based approach. Both can provide information on the viscoelastic properties of a sample. AFM as a scanning probe microscope directly measures the force between a probe and the object. The response of the object to the applied force is a direct readout of the viscoelastic properties and can be used to calculate Young's modulus [22] [23] [24] . QCM-D also provides information on viscoelastic properties, however, converting this into quantitative values involves complex modeling that takes into account the interaction of acoustic waves with the sample and the solvent [9] . AFM can also provide information on deformation, failure, and of course high-resolution images. The interaction between sample and surface must be taken into consideration for both techniques. For AFM, this has been investigated and can lead to deformation of particles [25] [26] [27] . We expect similar deformations may occur in QCM-D.
QCM-D has been used previously to study multilayer assemblages of LiDPS [28] and CPMV [29] . Our group was the first to use QCM-D to detect and elucidate structural changes during expansion and functionalization of Cowpea chlorotic mottle virus (CCMV) [7] . Here, we expand our previous work to include a variety of cages from non-icosahedral to icosahedral symmetry to understand their architectural differences. The viral and protein platforms studied here have been isolated from a range of different species, including algae, bacteria, moths, plants, and primates, and portray the diversity of these supramolecular complexes. Along with diversity in their host range, these complex platforms also represent a complicated interplay of their T-numbers, cage size, protein-protein and protein-nucleic acid interactions and overall amino acid composition. To understand and compare the viscoelastic properties of such mosaic platforms, we provide the first instance of a carefully curated library of different viruses and protein cages (Fig. 1c) using QCM-D. To also expand our understanding about nano-assemblages, protein cages that were much smaller than the viruses were included in the analysis. Our study points to a complex relationship that governs rigidity. QCM-D experiments excel at mimicking physiological conditions and this feature acts as a key strength along with the speed of experimentation. QCM-D facilitates a quantifiable approach in which rigidity is directly compared to T-numbers, protein shell thickness and radius, and conclusions can be drawn about how they are influenced by their subunit interactions. While our D300 instrument could only analyze a single sample at a time, future iterations have incorporated four sensors in one instrument along with electrochemistry modules thereby vastly expanding the abilities of the technique. QCM-D also provides the advantage of ease of use and a very straightforward analysis compared to most biophysical techniques. Although QCM-D results can be misinterpreted if bulk buffer effects are not considered, this does not present a significant challenge for most biological samples if proper controls are conducted. Our work shows that QCM-D can be used as a common platform to not only compare biological entities among themselves but also with their nanomaterial counterparts while providing insights into both biology and material design.
Materials and methods

QCM-D data collection
The viscoelastic properties of different protein cages were explored by using QCM-D (QSense D300 system, Q-Sense AB, Gothenburg, Sweden). For these measurements, goldcoated quartz crystals (AT cut) with a fundamental resonant frequency of 5 MHz were used. Baseline was established with their respective storage buffers and recorded for 10 min. Each sample (0.01 mg/ml, 0.6 ml) were then gradually deposited on the crystal and allowed to stabilize for 45 min. To remove the loosely bound viral particles, the gold surface was then washed with 0.6 ml of the same buffer for 10 min. For Nudaurelia capensis omega virus (NωV) only, after the wash step, another buffer exchange step with pH 5.0 buffer was introduced and the samples were allowed to incubate for 2 h. Buffer exchange control was run to consider the buffer exchange effect. Error bars for rigidities were generated using standard deviations and represent at least three replicates.
After every run, the gold surface was cleaned and regenerated by soaking the crystal in a 1:1:5 mixture of H 2 O 2 (30%), NH 3 (25%), and distilled water at 60°C for 15 min followed by exposure to UV light in UV chamber for 10 min. All samples were run in random order in triplicate and each time fresh cleaned crystal was used. Frequency and dissipation values were obtained at fundamental frequency 5 MHz and three overtones (15, 25 , and 35 MHz). Rigidities were calculated by taking the ratio of change in frequency to change in dissipation |ΔF/ΔD|.
Data analysis
All QCM-D data analysis was done as described previously using the Q-soft software from Biolin Scientific [7] . T-numbers and radii were obtained from ViperDB [30] . All plots and exponential fits were made in Igor Pro 6.3 and final figures were made in Adobe Illustrator .
Results
Rigidity and T-number are inversely related
Previous experiments with CCMV showed that QCM-D could be used to elucidate conformational differences in virus particles [7] . Here, we expanded QCM-D to explore changes in the other viruses (infecting different hosts) and protein cages. Samples were allowed to adsorb onto an oscillating gold-coated quartz crystal and changes in frequency and dissipation were measured for each. In QCM-D, the observed frequency is dependent on the mass absorbed to the surface. Dissipation is related to the deformation and viscoelasticity of the attached sample layer. Thus, QCM-D measures two independent properties [9] . Since QCM-D is a populationbased measurement, by taking the ratio of change in frequency and dissipation, qualitative comparisons of average rigidity of the adsorbed material can be made. A ratio of the change in frequency to change in dissipation (|Δf/ΔD|) for a sample is a measure of its rigidity where higher ratios correspond to higher rigidities. We calculated the ratios for all samples and plotted the trend against their T-numbers (Fig. 2) . We noticed a decrease in rigidity with increase in T-number. The exceptions to this were the closed and swollen forms of CCMV (cCCMV and sCCMV, respectively), which negatively deviated from the general trend. We also noticed that viruses that shared the same T-number such as the AAV serotypes showed significant differences while still fitting into the trend. Similarly, HBVtrunc, which is a truncated version of the wild-type hepatitis B virus and shares the same T-number, also showed a marked reduction in rigidity compared to its wild-type counterpart.
3.2 Rigidity is influenced by both shell thickness and particle radius T-numbers give us a coarse perspective of how virus capsids respond to external shearing forces but fall short when comparing capsids of the same T-number. Also, it is not possible to compare protein cages or extensively modified virus particles due to unavailability or possible distortion of their T-numbers due to the modifications. With this in mind, we next investigated the effect of shell radius (Fig. 3) and thickness on rigidity. To visualize this, we plotted shell radius vs. rigidity and shell thickness vs. rigidity separately. We noticed a clear exponential decrease in rigidity with increase in shell radius, similar to that observed with T-numbers (Fig. 4) . The shell thickness vs. rigidity plot showed more outliers, although it still followed a weak exponentially decreasing trend (Fig. 4b) . It was evident from this initial analysis that both the radius and thickness influenced rigidity in similar ways. We also included two functionalized CCMV capsids (XCCMV and MXCCMV) and two protein cages (DpsL and H-ferritin) in this comparison. XCCMV and MXCCMV both are glutaraldehyde crosslinked CCMV samples, the only difference being the replacement of genomic RNA with a polyoxomolybdate mineral core in MXCCMV. DpsL is a~10 nm, dodecameric cage-like particle isolated from the hyperthermophilic archaeal species Sulfolobus solfataricus while human H-ferritin is 12 nm in size and self-assembles with an octahedral symmetry. The crosslinked CCMV samples showed drastically higher rigidities with MXCCMV being the highest among all the samples tested and~4 times higher than its unmodified native counterpart. DpsL and Hferritin also showed significantly higher rigidities than any of the viruses tested. It is also interesting to note that PBCV-1, a 170-nm, T = 169 chlorella virus, and the chlorella family of viruses show very similar rigidities and the lowest rigidities among all samples.
Discussion
While T-number is a straight-forward way to describe capsid architecture, there are subtle and not-so-subtle differences that this does not account for. For example, adeno-associated viruses (AAV) are T= 1 capsids that are now approved for gene therapy [31, 32] . Each capsid is made up of three alternatively spliced viral proteins (VP1, VP2, VP3) in a ratio of 1:1:8-10. The sequence similarity among the AAV serotypes tested here ranges from 54 to 84%. Our experiments show that the rigidities of AAV capsids vary significantly with serotype. Thermal and proteolytic stabilities of empty and genome filled AAVs have also been well studied and have shown similar differences [33, 34] . On the other hand, nanoindentation studies of AAV capsids using AFM pointed to a higher propensity for deformation of the empty forms [35] . Delineating these Fig. 2 Rigidity vs. T-number. Rigidity and T-number plotted for each virus tested. Rigidities decrease with increase in T-number with CCMV samples being the exceptions. Protein cages were not included due to the lack of an assigned T-number seemingly opposing differences in behavior using only T-numbers could lead to misleading interpretations. The use of shell radius and thickness in conjunction with T-number provides us with a robust set of parameters that are affected by the comprehensive structural and dynamic transitions that capsids experience. While AAV and CCMV have similar radii, their T-numbers, shell thicknesses, and rigidities are different. In comparison, the AAV capsid has a higher shell thickness and the subunit protein is 3-4 times higher in molecular weight. It is important to note that CCMV (both closed and swollen forms) have native RNA in them and yet AAVs, both empty and genome-filled, have been shown to have significantly higher thermal stabilities [33, 34, 36] and stiffness [13, 35, 37] compared to CCMV. Our results corroborate with these previous observations.
HBV is a T = 4, enveloped double-stranded DNA virus and is the cause for hepatitis Binduced liver cirrhosis and cancer, a major global health problem. The inner nucleocapsid core is assembled from 240 copies of the capsid protein. An in vitro assembled empty core was used in our study and compared to two other mutants, HBV*, which incorporates three serineto-glutamate mutations, which impair phosphorylation of its C-terminal domain (CTD) [38] and HBVtrunc, which lacks 34 residues in the CTD. The serine-to-glutamate mutations impart a higher proteolytic and thermal stability to HBV* [39] . In our study, we observed slightly higher rigidity (~7%) with the HBV* compared to HBV indicating a slightly more mechanically resistant capsid. Of the 34 residues in the CTD, 16 are arginines and seven are serines. Modification of the serines to glutamates (HBV*) not only disrupts phosphorylation but may also act to neutralize some of the arginines and help stabilize subunit interactions [39] . This is consistent with the small, but significant, increase in particle rigidity. When the CTD is completely removed, as in the case of HBVtrunc, a more drastic reduction in rigidity occurs (~48%) with little perturbation of the structure. These results strongly suggest that the CTD enhances rigidity by improving interactions among coat protein subunits. They also show the importance of post-translational modifications on capsid structure and dynamics. Thus, HBV is a relevant example where the effects of both simple amino-acid modifications and large-scale domain level deletions can be elucidated using QCM-D.
A different type of effect can be seen with NωV, another T = 4 virus considered a model for single-stranded RNA viruses. The procapsid form of the virus, 24 nm (NωV*), has a 644- Fig. 3 Rigidity vs. radius. Rigidity and radius of each sample were plotted for each sample type. With an increase in the radius, the rigidity decreased. Two extensively modified CCMV capsids were also included. Rigidity, Tnumber, and radius values of all samples are included in Table 1   Table 1 Green alga Chlorella species amino-acid subunit that undergoes proteolytic cleavage at residue 570, resulting in the mature capsid (NωV, 21 nm). This cleavage event occurs post viral assembly, releasing a γ-peptide [40] . The rigidities of NωVand NωV*, both devoid of genome, vary only by~4%, suggesting that even a concerted large-scale deletion and reduction in diameter does not alter the virus behavior by much. The lack of genome also suggests that all the necessary protein-protein interactions for the stabilization of the virus have already been accomplished at the procapsid stage. This stabilization has been previously proposed and is due to the electrostatic repulsions between the numerous deprotonated acidic charges present on the surface of the capsid protein at high pH [40] . The γ-peptide does not play a role in stability, but cleavage is a molecular switch that locks the capsid in the mature conformation and untethers the peptide to interact with cell membranes, as is the case with another insect virus (FHV) [41] .
P22 bacteriophage has been developed extensively as a versatile nanomaterial [42] [43] [44] . The infectious mature particle used in this study is a T = 7 virus with a~33-nm radius. The assembly process of P22 involves dsDNA being energetically driven by a portal structure into a fully formed capsid. This is markedly different from the other viruses studied here whose subunits either selfassemble around the genome [45] or the genome is replicated inside a fully formed capsid [46] . This headful packaging mechanism, common in dsDNA bacteriophages, creates pressures upwards of 60 atm (6 MPa) inside the capsids, which are important for genome release during infection [47] . Force constant obtained from AFM nanoindentations of extraneously loaded P22 capsids [48] is much lower than that of AAV [35] while the absence of this cargo reduces it further [25] . P22 on the QCM-D shows a very similar behavior with much lower rigidities compared to AAV. This suggests that even while existing as a highly pressurized capsid, P22 can still be isovolumetrically distorted to a greater extent than the rigid AAV capsid by the shear forces of the liquid. Thermal and proteolytic stabilites of AAVs have shown that these capsids are extremely resistant to environmental changes [33, 34] and our QCM-D results substantiate these results. The low rigidity of PBCV among compared to other viruses was expected due to the greater diameter and emphasizes that rigidity is not a simple outcome of subunit number. Rather, it is a complex combination of subunit number, orientation, and interaction strength.
FVK is a universal, non-dimensional parameter used to estimate buckling propensity of spheres with thin shells due to mechanical stresses. Specifically with respect to capsids, a critical threshold for FVK (γ = 154) was proposed by Lidmar et al. to define when a capsid would transition from a spherical to a more faceted shape, called asphericity [27] . This faceting is caused by disclination at the 12 isolated five-fold symmetry axes. These pentameric units experience high strain and thereby adopt a conical shape. FVK is described by Eq. (2), where Y is Young's modulus, R is the radius of the shell, κ is the bending rigidity, ν is the Poisson's ratio, d is the shell thickness.
From the equation, it is evident that FVK is dependent on the radius and shell thickness. Previous modeling and experimental studies have tried to explain the mechanical properties of viruses using Föppl Von Kármán number (FVK,γ). These studies assumed that the thickness of the shell does not have an impact on the mechanical properties. Experimental work could not find consistent correlation due to the inherent heterogeneity of these shells and the consequent failure of the thin shell approximation. These studies brought into light the innate complexity of these protein shells and especially the dependence of mechanical properties radius and shell thickness. We see this dependence very clearly with our QCM-D data when we plot a ratio of (radius/thickness) 2 to the rigidity (Fig. 5) . It is imperative to note that the rigidity values reported here may not correlate well with FVK numbers for smaller viruses like CCMV and AAV. This discrepancy was first observed by Klug et al. [49] in their mechanical models. Nevertheless, the rigidity values of these smaller viruses still fit our overall hypothesis and let us draw logical and accurate conclusions. In addition, although there may be a direct dependence of rigidity on radius and thickness, it is imperative to consider other properties of protein shell structure to attain a practical understanding. In this regard, a recent study involving simulations driven by AFM nanoindentation data from 35 different viruses [50] examined the dependence of mechanical properties on several different factors including shell thickness. Cieplak et al. used AFM nanoindentation modeling, which assumes that the virus is subjected to spatially targeted stress. They found no correlation between mechanical properties and virus size or symmetry. At first, this may seem to disagree with our findings because we note a correlation between rigidity and size/symmetry, but they found a compelling connection between mechanical properties and coordination number (mean number of interactions to neighboring amino acids). Therefore, our study supports their interpretation that proteinprotein interaction is a key parameter with respect to mechanical properties. Our populationbased QCM-D measurements extend the finding of in silico modeling and suggests that rigidity is a function of T-number, shell radius, shell thickness, and most importantly the protein-protein and protein-nucleic acid interactions in the subunits. The QCM-D results presented here follow similar trends demonstrated with AFM and AFM simulations [13, 35, 50, 51] . However, there are several areas in which the power of QCM-D shines. QCM-D values are generated in near physiological conditions where the samples are being subjected only to shear forces by the liquid medium, as would be the case in biological systems. We also demonstrate that with minimal changes to the measurement protocols, we are able to measure virus particles with very different properties (Ex: XCCMV and MXCCMV) without compromising speed or reproducibility. This positions QCM-D as a semi-high-throughput method for viral particle and protein cage characterization. While rigidity obtained from simple QCM-D analysis is central to the technique, QCM-D can also be used to determine the thickness of the material layer being analyzed, making this a powerful tool for the analysis of biological composite materials as well [28] and carefully designed thin films with desired properties [29] . These are essential details needed for material synthesis using biological components. The application of QCM-D technology for the biophysical analysis of large protein structures has been largely unexplored. Our curated library attempts to bring into light the straight-forward nature of the QCM-D technique and its ability to quantitatively characterize physical properties of biomaterials. Such complementary information obtained in real-time, in close to physiological conditions, with high precision, and a minimum of effort will be of great benefit for biologists, chemists, and physicists alike.
